Gait repertoires of the northern brown bandicoot, Isoodon macrourus, were studied over a wide range of locomotor speeds. At low relative speeds, bandicoots used symmetrical gaits that included pacing, trotting, and lateral sequence strides. Forefoot contact duration was generally shorter than hind foot contact duration at all speeds. At moderate relative speeds bandicoots used half-bounding gaits with either no period of suspension or with a short gathered suspension. At high speeds the predominant gait had both a short extended and a short gathered suspension, although some strides comprised only an extended suspension. Increases in speed were accompanied by increases in spinal extension, presumably leading to the extended suspensions. On a stationary treadmill individuals occasionally used a bipedal gait. Maximum half-bounding speeds appear to be relatively low in this species.
Animals moving in the terrestrial environment use a variety of recognizable styles of locomotion, with each gait operating over a limited range of speeds (Alexander, 1989) . Evidence suggests that gaits might be selected primarily to minimize the cost of transport (Alexander et al. 1985; Cavagna et al. 1977; Hoyt and Taylor 1981) , which has obvious energetic benefits to the individual. However, there are many competing requirements in the natural environment, and being able to move at a constant, optimally energetic speed is not always appropriate. Consequently, a more complete understanding of gait repertoires available to animals requires analysis of locomotion over the broadest range of speeds possible. Hildebrand (1976 Hildebrand ( , 1977 Hildebrand ( , 1980 provided a comprehensive framework for gait analysis, based on analysis of the timing of footfalls, duration of foot-ground contacts and sequences of different patterns of body support provided by the feet. This approach divided gaits into symmetrical and asymmetrical modes of movement in which footfalls of a given pair of feet occur half a stride period apart or not, respectively. Members of the family Macropodidae (kangaroos, wallabies, and pademelons) are well known for their unusual asymmetrical gait-the bipedal hop (Windsor and Dagg 1971) , but there are relatively few studies of other marsupial gaits. In addition, few of those studies have been detailed and some contain confusing or contradictory information (see Baudinette 1994) .
Bandicoots (Family Peramelidae) share many musculoskeletal traits related to locomotion with the Macropodoidea (Lewis 1964; Marshall 1972; Szalay 1994) . However, small macropodids and potoroids with adult body masses similar to that of Isoodon macrourus can hop bipedally (although some also use bounding gaits), whereas bandicoots are reported to only use the half-bound as their asymmetrical gait (Hildebrand 1977) .
The aim of this study was to analyze and characterize gaits used by the northern brown bandicoot, I. macrourus, over a wide range of speeds using the numerical approaches of Hildebrand (1980) . Data gained from this study, combined with results from similar studies on other marsupials (both macropodid and nonmacropodid), should assist in understanding how, and why, bipedal hopping evolved in kangaroos and wallabies.
MATERIALS AND METHODS
Male I. macrourus, (n ¼ 5, 0.17-1.62 kg) were used. Experimentation conformed to the requirements of the University of Queensland's Animal Ethics Committee and ASM guidelines found online at http://www.mammalogy.org/committees/index.asp. Animals were housed individually in roofed enclosures (3.1 m Â 1.8 m) at the University of Queensland's native animal research unit at the University farm, Pinjarra Hills, Brisbane, and were provided with commercial dry dog food pellets and water ad libitum.
Bandicoots were trained to run on a motor-driven treadmill enclosed in clear acrylic plastic (Plexiglas), housed in the Department of Anatomy and Developmental Biology. The 1.2-m long treadmill belt was driven at speeds up to 2.44 m/s. Fur on the lateral aspect of the left fore-and hind limbs was removed using electric clippers, and marks were applied to the skin to highlight the position of relevant features. On the hind limb, we marked centers of the hip, knee, ankle, and digit IV metatarso-phalangeal joints, and the ungual claw of digit IV. Shoulder, elbow, wrist, metacarpophalangeal joints, and the claw of digit III were marked on the forelimb. A high-speed digital imaging system (Motionscope PCI-500, Redlake Imaging Corporation, Morgan Hill, California) operating at 250 fields/s was used to record animal locomotion. The camera was positioned 5 m from the treadmill, perpendicular to the direction of bandicoot travel and level with the surface of the belt. A set of calibration marks in the plane of the moving bandicoot provided a scale, with horizontal and vertical resolution ,1 mm. Digital video records were made for each subject moving at constant, known speeds. A Redlake Motionscope media player was used for subsequent frame-by-frame analysis of captured sequences. A total of 170 strides were analyzed, with sequences ranging from 4 to 11 strides.
Characterization of symmetrical gaits, in which fore-and hind pairs of feet have equal contact intervals, requires 2 variables. The first variable is the percentage ground contact (time that a foot is in contact with the ground Â 100/total stride duration). The second is the percentage of the duration of a stride that forefoot ground contact follows that of the ipsilateral hind foot. Although asymmetrical gait characterization requires a minimum of 5 variables (Hildebrand, 1980) , this study uses 6 variables (after White, 1990) . The term lead, in reference to a particular pair of front or hind feet is defined here as the time interval between footfalls of a pair of feet Â 100/(ground contact time for left and right feet/2).
A half-bound gait is where a pair of feet contacts and leaves the ground together, whereas ground contact of the other pair is asynchronous. Duty factor is the time a foot spends in contact with the ground expressed as a proportion of total stride time. Midtime is the instant in time that is half way through the duration of contact by one or both feet of a (fore-or hind limb) pair. Suspension is where there is no contact with the ground. There are two forms; if the feet are underneath the body, it is a gathered suspension; if they project away from the body, it is an extended suspension.
Least-squares linear regression analysis was used to investigate the relationship between maximum and minimum body length and back height in relation to speed (SigmaStat, 2.03, SPSS, Chicago, Illinois). Significance was assumed at P , 0.05. Graphs were produced using SigmaPlot 2000 (SPSS).
RESULTS
Symmetrical gaits.-Isoodon macrourus displayed a number of symmetrical footfall patterns when moving at low relative speeds (Fig. 1) . However, only 2 of the 5 individuals used these gaits. The largest bandicoot in this study employed a lateral sequence (where the ipsilateral forefoot strike followed that of the reference hind foot) that varied between a single-foot walk and lateral couplets. It also used the walking pace and walk- ing trot. The other, small, individual only trotted or paced, switching forelimb lead to change between gaits. Interchanges between the different symmetrical gaits occurred, even at constant treadmill-belt speed.
Asymmetrical gaits.-All bandicoots used the half-bound as the major quadrupedal asymmetrical gait over all or most of the speeds examined. Fore-and hind foot contact times, expressed as a percentage of stride time (the duty factor) decreased with increasing speed, with forefoot duty factors on average about 80% that of the hind feet (Fig. 2) . Ground contacts for left and right hind feet were most commonly synchronous, with temporal separation rarely greater than 12.5% of the stride period (see below). Forefeet contacted and left the ground asynchronously, with leads of 16-77% (Fig. 3) . The forefoot lead decreased with increased speed of locomotion.
Variations of the half-bound gait were identified, based on the presence or absence and type of suspension (where all feet are temporarily off the ground) within each stride. A halfbound with no periods of suspension or incorporating a short gathered suspension was used as the lowest-speed asymmetrical gait. As relative speed increased, all bandicoots shortened the percentage of stride interval that the hind feet supported the body and increased the time between forefeet midtime and hind feet midtime (Fig. 4) . A single gathered suspension half-bound was the common mid-speed gait. At their highest relative speeds, the predominant gait had both a short extended and a short gathered suspension, while a gait with an extended suspension only was used relatively infrequently (Fig. 4) .
Maximum body length, as measured from the ear to the base of the tail, occurred at hind limb mid-stance shortly before forelimb ground contact and coincided with the point in the stride when the dorsum of the animal was closest to the ground (equal to minimum back height) (Fig. 5a ). Minimum body length occurred immediately before the hind feet contacted the ground, about the same time as maximal back height (Fig. 5b) . Of these 4 measures, only maximum body length changed significantly (P , 0.05), increasing with locomotor speed in all but the smallest individual (Fig. 5a ). Significant fore-and hind foot overlap occurred in half-bounding animals and was achieved by the hind feet passing lateral to the forefeet as they swung forward.
When moving at low to medium relative speed 3 individuals used strides with a hind foot lead that occasionally exceeded 12.5% (the arbitrary maximum permitted for a half-bound; Fig.  3 ). These strides were technically gallops with no period of suspension, corresponding to footfall formula 7 (Hildebrand 1977) .
Animals on a stationary treadmill sometimes adopted a stable, static bipedal stance using their hind limbs and the proximal portion of the tail for additional support. A bipedal walk often preceded or followed a static posture, with speeds of up to 0.53 m/s recorded. Ground contact times and stride lengths were shorter than those for the same animal moving at the same speed using a quadrupedal gait, whereas duty factors and stride frequencies were correspondingly higher.
DISCUSSION
Quadrupedal locomotion was the normal mode of progression for I. macrourus. At most speeds, bandicoots used asymmetrical half-bounds, with symmetrical walking gaits only ever observed at low relative speeds. These observations are broadly consistent with earlier findings for the genus Isoodon (Hildebrand 1977) . However, individuals exhibited considerable variation within each gait category and used an asymmetrical gallop on occasion.
All quadrupedal marsupials probably use a walk at low speed, but the gaits employed vary (Baudinette et al. 1976; Dagg 1973; Ewer 1968 ). In the current study, only the largest individual travelling at the slowest treadmill speed used a true walk in which 3 feet were in contact with the floor at all times. True walks have not been reported previously for other marsupials, although this is probably an artifact of using higher minimum speeds in other studies (e.g., White 1990) .
Lateral sequence gaits, such as those used by I. macrourus, the northern quoll-Dasyurus hallucatus, and the Virginia opossum-Didelphis virginiana at low speeds (White 1990) , are more stable than their diagonal sequence counterparts (Gray 1944) . Some animals that adopt a wide stance or have large feet do, however, sometimes use the latter gaits (Hildebrand 1980) . The brush-tailed possum, Trichosurus vulpecula, is able to use a diagonal sequence, diagonal couplet mode of progression possibly as a consequence of the substantial abduction of its pelvic limbs (Goldfinch and Molnar 1978; White 1990 ). However, although I. macrourus has large hind feet it does not use diagonal sequence gaits.
Unlike D. hallucatus, T. vulpecula, D. virginiana (White 1990 ) and Dromiciops australis (Pridmore 1994 ) that use a walking trot, I. macrourus uses both a walking trot and a walking pace. Pacing with a duty factor of 0.72 (Fig. 1) at 0.31 m/s required a significant rolling of the body away from the unsupported side to move the center of mass over the supporting feet in order to maintain balance.
The assertion that running walks cannot be sustained over long periods (Dagg 1973 ) is supported by the observation that the largest bandicoot interrupted such a gait with trotting or pacing strides. It might be that the cost of transport is relatively high or that fatigue of certain muscles occurs rapidly when using the running walk.
Although motorized treadmills provide precise control of locomotor speed, the unnatural conditions might result in animals using gaits that are not characteristic of those used under normal conditions in the wild (White 1990 ). However, it does illustrate that bandicoots can select from a reasonable locomotor repertoire should the need arise. The repeated changing between gaits at constant treadmill-belt speed could indicate that this speed is normally avoided under free-moving conditions. If so, northern brown bandicoots can employ a discontinuous range of speeds, using very slow symmetrical gaits for activities such as localized foraging, with faster halfbounds used for predator avoidance and crossing open ground. These characteristics are appropriate for an animal that occupies habitats with considerable ground cover.
Half-bounding gaits were the only asymmetrical quadrupedal gait consistently used by I. macrourus. A related genus, Perameles, also uses a half-bound at moderate speeds, but has been shown to use a more restricted range of fore and hind leads (Fig. 3) . The largest bandicoot in the current study, when moving at high speed, used a gait that approaches the bound, with only a short fore-foot lead (as a percentage of fore-foot contact time (Fig. 3) .
Spinal flexion accompanied gathered suspensions, with moderate spinal extension seen during extended suspensions. This alternate flexion and extension effectively shortens and then lengthens the body (Fig. 5a) , allowing for longer strides and higher speeds than would presumably be attainable with a rigid spine. Longer foot-ground contact times so engendered might enable slower muscle fibers to be used to produce the forces needed for body support, resulting in some energetic economy (Kram and Taylor 1990) . Other economies would occur if internal kinetic energy of the limbs, converted to elastic strain energy in the flexed back, could be usefully harnessed in subsequent reciprocal limb movement (Alexander et al. 1985; Gal 1992) . Alternate flexion and extension of the spine also allows the substantial back musculature to be recruited to assist locomotion.
The speeds recorded here are likely to be representative of maximum aerobic speeds and are broadly consistent with those reported for other marsupials and placental mammals (Garland et al. 1988 ). The maximal running speed for a closely related species (I. obesulus, the southern brown bandicoot, weighing about 0.72 kg) is given as 4 m/s (Garland et al. 1988 ). This suggests that even with the recruitment of back musculature to help power locomotion, bandicoots are not particularly fast for their mass. For example, half-bounding lagomorphs of a slightly larger size have a maximal running speed of up to 13.9 m/s-although ''. . . estimates of lagomorph speeds are generally anecdotal . . .'' (Garland 1983:165) . This difference in maximal running speed might be related to the disparity in fore-and hind limb functional lengths, which are more marked in bandicoots than in lagomorphs.
At low to medium relative speeds, 3 bandicoots interspersed transverse galloping strides with half bounds. This gallop affords a high degree of stability and is the only form of gallop used by animals at slow speed. It is considered a more economical gait than the rotary gallop and reduces the likelihood of hind and forefoot interference (Hildebrand 1980) , although in I. macrourus interference can only be avoided by passing the hind feet lateral to the forefeet. Galloping has also been observed in various marsupials as a common gait (by the Tasmanian devil, Sarcophilus laniarius (Hildebrand 1977 ) and the southern hairy-nosed wombat, Lasiorhinus latifrons (Dagg 1973) , or as a transition gait between symmetrical and halfbounding gaits (in D. hallucatus and T. vulpecula -White 1990) . For some species it is difficult to determine which gaits are used due to a more subjective gait assessment, for example, it is uncertain whether the fat-tailed dunnart, Sminthopsis crassicaudata, gallops (Ewer 1968) or half-bounds (see Baudinette 1994) .
Considering that the in-phase bipedal hopping gait of macropodoid marsupials has received considerable attention, it seems surprising that the gaits of marsupials that can assist in interpreting how hopping evolved have been little studied (Baudinette 1994) . As they are likely to be the precursor of bipedal hopping gaits, a clearer understanding of bounding, including half-bounding gaits is needed to address this question. Current data are often fragmentary, based on observations of few individuals (often a single animal) of unknown mass and moving at a limited, often very narrow, range of speeds. It is clear, however, that the musculoskeletal morphologies necessary for hopping and bounding gaits are not markedly different as the quokka, Setonix brachyurus, may incorporate bipedal hops into half-bounding sequences (Baudinette 1977) . Similarly, the long-nosed potoroo, Potorous tridactylus (Subfamily Potoroinae), half-bounds at low to moderate speeds and usually changes to a hopping gait at high speeds (Baudinette et al. 1993; Buchmann and Guiler 1974) .
Although peramelids share many musculoskeletal characteristics related to locomotion with the Macropodoidea (Lewis 1964; Marshall 1972; Szalay 1994 ), they do not hop. It is likely that subtle differences in the position of the center of mass (more anterior in Isoodon than in macropodines and potoroines), coupled with slightly different limb proportions might be sufficient to prevent this bandicoot species from hopping. The relative benefits of hopping gaits, as used by macropodid marsupials and why they were adopted in preference to bounding gaits has not been unambiguously addressed. Garland (1983:166) comments, however, that ''It is tempting to conclude that bipedality may confer an advantage in terms of MRS (maximal running speed) for small mammals . . . . . . but not for large mammals . . ..'' The results of the current study would seem consistent with this hypothesis, as half-bounding bandicoots were not found to be particularly fast.
Bipedal walking gaits, self-initiated by individuals on a stationary treadmill, were only used occasionally and appeared to be awkward and relatively unstable.
Step lengths were very short, presumably reflecting the limited functional range of joint movement available when adopting this erect posture. Maximum speeds, even with a high step frequency, were very low for an animal of this size (Garland et al. 1988) , making it an unlikely gait for effective locomotion. However, the adoption of a static, upright body posture that elevates the head high above the substrate would facilitate visual and olfactory sampling of the environment. A similar stance is used as a lookout posture by S. crassicaudata (Ewer 1968) . Quasistatic bipedalism is also used in antagonistic interactions during the mating season, in which males use their strongly clawed forelimbs against rival males.
